Chiral objects can be found throughout nature 1-4 ; in condensed matter chiral objects are often excited states protected by a system's topology. The use of chiral topological excitations to carry information has been demonstrated, where the information is robust against external perturbations 5,6 . For instance, reading, writing, and transfer of binary information have been demonstrated with chiral topological excitations in magnetic systems, skyrmions 7-14 , for spintronic devices [13] [14] [15] [16] [17] [18] [19] . The next step is logic or algebraic operations of such topological bits 20-22 . Here, we show experimentally the switching between chiral topological excitations or chiral solitons of di erent chirality in a one-dimensional electronic system with Z 4 topological symmetry 23,24 . We found that a fast-moving achiral soliton merges with chiral solitons to switch their handedness. This can lead to the realization of algebraic operation of Z 4 topological charges 25 . Chiral solitons could be a platform for storage and operation of robust topological multi-digit information.
ground states are denoted as Aa, Ab, Ba and Bb for each Peierls chain (see Fig. 1a and Supplementary Fig. 1 ). These ground states can be connected by three different topological excitations or solitons ( Fig. 1a ): two chiral states with different handedness (Fig. 1b ,c) and one state without chirality (Fig. 1d ). Such solitons including a null state can carry quaternary-digit information in terms of topological charges. Furthermore, due to their unique four-fold degeneracy (or the Z 4 symmetry), Z 4 algebraic operations would be possible in principle among these solitons and a null state, as demonstrated below. Thus, these topological chiral solitons can be utilized not only for multi-digit memories in electronic systems, but also for logic devices using topological excitations. In contrast to the logic operation proposed with skyrmions, the chiral soliton operation in this work does not need sophisticated engineering since it is intrinsic to the system's Z 4 symmetry.
The chirality of solitons is distinguished by their distinct structures and electronic states 24 . In a wire of double indium zigzag chains, a topological soliton can exist on either of the two chains by connecting two degenerate Peierls-dimerized states on a single chain. The soliton in one chain has to interact with the bonding or anti-bonding orbital of the neighbouring chain (Fig. 1b,c) . This interaction changes the sublattice parity and provides the chirality to the soliton 24 : right-chiral (RC) and left-chiral (LC) solitons result from the interaction with bonding ( Fig. 1b ) and anti-bonding orbitals (Fig. 1c ) of the neighbouring chain, respectively. RC and LC solitons are distinct in scanning tunnelling microscopy (STM) images, as shown in Fig. 1e ,f. On the other hand, when both chains have solitonic phase boundaries at the same time, a third type of a soliton without chirality emerges, which will be called achiral (AC) soliton hereafter ( Fig. 1d ,g). These three types of solitons constitute a complete set of a Z 4 topological system with four-fold degenerate ground states of double Peierls-distorted chains. The distinction of different types of solitons is more striking in their electronic states within the charge-density-wave bandgap. The electronic states of RC (LC) solitons emerge below (above) the Fermi level within the bandgap, whereas AC solitons have their states both above and below the Fermi level ( Supplementary Fig. 2a ) 23, 24 . The electronic difference results in the fact that RC solitons always looks brighter in STM images than LC solitons due to their enhanced density of states in filled states ( Supplementary Fig. 2b-d ).
Topological solitons are highly mobile, but are occasionally trapped by structural defects or impurities to allow the STM observation 23 . Spontaneously charged solitons 24 would be easily trapped by a defect charged oppositely through the influence of a Coulomb attraction. The Coulomb interaction would shrink the size of a trapped soliton significantly 30 . In Fig. 1h , a LC soliton is trapped by two defects (indicated by D 1 , D 2 ), which connect the same ground states as LC solitons with a much shorter characteristic length Red and blue triangles as well as dotted lines illustrate the phase shift on solitons. h,i, Sequential STM imaging reveals chiral switching between LC (h, T = t 0 ) and RC (i, T = t 1 ) solitons. The distance between two trapping defects (indicated by D 1 , D 2 or D * 1 , D * 2 ) holding chiral solitons is directly related to the chirality of the soliton between them. The ground state on the right-hand side of the D 2 defect is also altered according to the chirality. Dotted lines indicate the phase shift on solitons. j, Time-dependent distance between two defects trapping the chiral soliton drawn from consecutive STM imaging. k, Time-dependent chirality obtained from the polarity of the defect distance as well as STM images.
(see Supplementary Fig. 3 ) 35, 36 . The trapping defect (D 2 ) makes the LC soliton shorter ( Fig. 1h ) than one without defects ( Fig. 1f ), as expected from the attractive Coulomb interaction between solitons and trapping defects (see further discussion below). Note that the characteristic electronic state of a soliton 24 remains intact upon trapping, thanks to its non-perturbative topological robustness, as demonstrated below.
During long-term STM observations of a trapped chiral soliton (Fig. 1h ,i and Supplementary Fig. 4 ), its handedness was found to change abruptly and occasionally ( Fig. 1j,k) . To understand the mechanism of the chiral switching of solitons, we note the fact that each chiral switching is accompanied by the hopping of a trapping defect. As shown in Fig. 1j , one of the two trapping defects (D 2 ) hops along the chain by an integer multiple of the lattice unit cell (a 0 = 0.384 nm). Figure 1j ,k indicates with no doubt that this defect hopping is uniquely related to the handedness of chiral solitons in between the trapping defects. That is, an odd-a 0 -hopping always changes the chirality of the trapped soliton whereas an even-a 0hopping does not. Since the periodicity of the dimerized Peierls chain is 2a 0 , the odd-a 0 -hopping of a trapping defect inevitably shifts nearby ground states from one to another, in contrast to the evena 0 -hopping maintaining the same ground states before/after the hopping (see Supplementary Fig. 4 ). Thus the odd-a 0 -hopping must involve another soliton. Indeed, our previous work established that the odd-a 0 -hopping is induced by an AC soliton passing through the trapping defects 23 . Therefore, we can suspect that a fast-moving AC soliton giving rise to the odd-a 0 -hopping is related to switching the handedness of a chiral soliton.
This occasional but very fast switching is not fully captured by repeated STM imaging with a scan interval of 50 s, as shown in Fig. 1j . However, a scanning tunnelling spectroscopy (STS) measurement at a fixed location repeated every 3 s can track switching events better due to the unique electronic states of AC, RC and LC solitons (Supplementary Fig. 2a ) 24 . The temporal resolution for an event changing a particular electronic state can be as fast as 0.01 s in this measurement, ∼5,000 times faster than that of sequential STM imaging. As shown in Supplementary Fig. 5 and Fig. 2b , for a particular series of four sequential STS voltage sweeps on the trapped soliton, the density of states (the intensity of the normalized dI /dV signal, where I and V are the tunnelling current and bias voltage across the sample with respect to the tip) changes abruptly twice (indicated by red arrows). By comparing the STS spectra before and after these events with the reference spectra of chiral solitons, the initial LC soliton is found to switch to the RC soliton (t = 3.1 s) and back to the LC soliton (t = 5.4 s) ( Supplementary Fig. 5 ). For an extended STS observation on a single chiral soliton, we can observe many telegraphlike switchings between the states above and below the Fermi level ( Fig. 2a,c) . Each switching in electronic states can be determined as the chiral switching of the soliton (Fig. 2d ), since the in-gap states have one-to-one correspondence with the chirality of solitons ( Supplementary Fig. 2a ). In contrast to the chiral switching, one can find a high STS intensity for both filled and empty states at the same time, leading to almost zero chiral asymmetry (marked with the red oval in Fig. 2d ), which corresponds to the STS spectra of AC solitons (the inset of Fig. 2d) 24 . This finding indicates unambiguously that AC solitons momentarily exist as required for the odd-a 0 -hopping of trapping defects and switching the handedness of chiral solitons.
We show further below that the AC soliton is indeed topologically required to switch the chirality of the soliton. Figure 3a shows the schematic diagrams describing the chiral switching of a LC soliton induced by a left-going AC soliton. For simplicity, we ignore the trapping defects (see Fig. 3b when including the trapping defects). Initially, both the LC and AC solitons are away from each other while bridging different ground states. When they come close enough to each other, the ground state between two solitons disappears and the two solitons together become equivalent to a RC soliton due to the given boundary condition. Thus, they can eventually merge to create a RC soliton as a result of energetic considerations: one soliton has a lower energy than two solitons ( Fig. 3c and Supplementary Fig. 6 ). More detailed energetics will be considered below. If another AC soliton approaches, the RC soliton would switch back to a LC soliton through the same procedure. This consideration does not change in the case of trapped solitons in between two defects, as shown in Fig. 3b .
This chiral switching is in fact intrinsic to the Z 4 topology of the present system. For the particular chiral switching in Fig. 3a a Ba → Aa (RC) soliton. In another case, two LC solitons merge into an AC soliton: Aa → Ba + Ba → Bb = Aa → Bb (Figs 1a   and 3d ). We can expand this consideration to the cyclic group under addition modulo four with four elements consisting of LC, RC and AC solitons as well as an identity element (denoted as G in Fig. 3d , indicating the ground state without a soliton). This cyclic group of the present system is the same as a Z 4 abelian four-element group 25 and the soliton switching corresponds to the algebraic operation of Z 4 topological charges ( Supplementary Fig. 7) .
We can elaborate the energetics of the merging of two solitons. Self-consistent tight-binding calculations based on the generalized Su-Schrieffer-Heeger Hamiltonian (see ref. 24 and its Supplementary Methods) are utilized to estimate the soliton formation energies. Neutral AC solitons are the lowest topological excitations, whereas LC and RC solitons prefer to be positively and negatively charged, respectively, when they are created (see Supplementary Fig. 6 ). In the case of the RC + AC → LC operation, a negatively charged RC soliton and a neutral AC soliton should merge into a negatively charged LC soliton according to charge conservation. However, since a negatively charged LC soliton has a much higher formation energy, the charge-conserved merging is energetically unfavourable (black curve in Fig. 3c ). Only when the merged LC soliton becomes positively charged, possibly through charge transfer from/to nearby trapping defects, a merged soliton can have an energy gain over the energy sum of the two initial solitons (red curve in Fig. 3c ). This charge transfer from/to the trapping defects is not directly probed, but is plausible since the Coulomb interaction between charged solitons and trapping defects is a prerequisite for the soliton trapping observed. The charge transfer is further indicated by the observation that the apparent STM heights of defects systemically change depending on the chirality of the solitons ( Supplementary Fig. 8 ).
In addition to the Coulomb interaction, a chiral soliton itself can modify the strain field near trapping defects, which may be LETTERS another driving mechanism of binding between chiral solitons and trapping defects. We tried to analyse the motion of the trapping defects ( Fig. 1j and Supplementary Fig. 4d ) with a simple onedimensional random walk theory 37 . As shown in Supplementary  Fig. 9 , the trapping defects show biased or unbiased random walk for a short period of time, but eventually deviate from the random walk. This strongly indicates two trapping defects prefer being close to each other, due probably to the strain field of solitons in between the trapping defects.
To realize logic devices utilizing chiral soliton, one needs to selectively control the creation and/or motion of the topological solitons. The trapping defects (D 1 , D 2 in Fig. 1) can play a crucial role in creating various solitons, as proposed in Supplementary  Fig. 10 . If one creates a defect by using atom manipulation 38 , the emerging defect should be compensated by creating a RC soliton to preserve an initial unperturbed boundary condition ( Supplementary Fig. 10a,b ). By adding defects sequentially, one can change from RC to AC, from AC to LC, and from LC to the ground state ( Supplementary Fig. 10 ). In addition, the preliminary experimental observation suggests that specific end configurations of chains can generate AC solitons very frequently ( Supplementary  Fig. 11 ). Therefore, a controllable logic device based on chiral solitons is in principle possible.
We have demonstrated that two solitons with different chirality can merge into another chiral soliton. For typical solitons, and most of other topological excitations observed, the algebraic operations are rather trivial, such as annihilation of two excitations due to their simpler Z 2 topology. The unprecedented non-trivial operation of topological excitations yielding a different soliton is realized because of the unique Z 4 topology. The switching between three different types of solitons allows us to use them as quaternary-digit information carriers as well as logic operators. This will open a door towards logic devices using chiral topological excitations, and more generally into a new field of electronics called 'solitonics' .
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